Zn 2 SiO 4 :Mn phosphors for plasma display panels (PDP) application were synthesized by large-scale ultrasonic spray pyrolysis process using metal alkoxide precursor. To avoid the formation of irregular-shaped particles owing to the hollowness and phase-segregation characteristics of the silicon component, organic additive, citric acid (CA) was introduced in the spray pyrolysis. The influence of CA addition on the morphological and luminescent characteristics of the Zn 2 SiO 4 :Mn phosphor particles was investigated. The amount of CA addition is an important factor in controlling the morphological and luminous characteristics of Zn 2 SiO 4 :Mn phosphor particles. The particles prepared from the solution containing an appropriate amount of CA had a completely spherical shape, dense morphology, nonaggregation characteristics, and higher photoluminescence intensity than the commercial product, while those prepared from the solution containing excessive CA had an irregular shape, high porosity, rough surfaces, and lower brightness than the commercial product.
Introduction
Rare-earth activated multicomponent oxide phosphors have been applied to high-energy photoluminescent flat panel displays. For application in the emerging full color flat panel display industry, thermally stable, high-luminousefficient and radiation-resistant phosphor particles are required. Furthermore, high purity, compositional uniformity, single phase, spherical shape, small size, uniform particle size distribution, high density/low porosity, high crystallinity, and homogeneous distribution of activator ion throughout the host material are also required for achieving high resolution and high luminous efficiency in the new flat panel display developments. 1) Phosphor particles are mainly prepared by the conventional solid-state reaction method or liquid solutions method. The conventional processes have disadvantages in controlling the morphologies and maintaining uniformity in the composition of phosphor particles. 2, 3) The demands for newer technologies have instigated a search for new materials and synthesis techniques to improve the performance of phosphors. [4] [5] [6] [7] Spray pyrolysis is one of the promising processes for the preparation of improved phosphor particles. [8] [9] [10] The phosphor particles synthesized by spray pyrolysis process almost satisfy the requirements for application to flat panel displays. However, a disadvantage of the spray pyrolysis in some cases is the lack of morphological control over the produced particles and the subsequent frequent formation of hollow and/or porous particles. The hollowness of particles can cause reductions in brightness and long-term stability of phosphor particles. Therefore, morphological control of phosphor particles in spray pyrolysis is crucial.
Recently it has been shown that solid and spherical ceramic particles may be obtained when the droplets are less rapidly dried.
11) Ishizawa et al. attempted to control the morphology of particles by using metal alkoxide precursors hydrolyzing to form viscous inorganic polymers, which fill the internal part of the particle and make dense particles.
12)
Che et al. showed that the addition of ammonia into the spraying solution is effective in obtaining solid-structure materials due to the formation of ammine complex in the droplet. 13) Mn 2þ -doped Zn 2 SiO 4 phosphor has been widely applied as a green-light-emitting component in lamps and the display industry because of its high luminous efficiency and chemical stability. 14, 15) In this work, we have utilized large-scale spray pyrolysis process using metal alkoxide precursor in the preparation of Zn 2 SiO 4 :Mn phosphor particles and achieved the morphological control of the particles by adding citric acid.
Experimental
The general flow diagram of large-scale spray pyrolysis process for the mass production of ceramic powders is given elsewhere.
16) The solution (or suspension) of salts is atomized with 6 ultrasonic spray generators with a 1.7-MHz-frequency resonator and introduced into a hot reaction column, where the droplets were dried, decomposed, and/or crystallized in dispersed phase. The prepared particles are collected with a bag filter. The spray solution was obtained by adding zinc nitrate, manganese acetate and tetraethyl orthosilicate (TEOS) into distilled water with a small amount of nitric acid.
The overall solution concentration was 2 M. The doping concentration of manganese was 10 mol% of zinc component. Organic additive, citric acid (CA) was added into the spray solution to control the morphology of phosphor particles in the large-scale spray pyrolysis. The amount of CA addition varied from 0 to 100% of TEOS component. Zn 2 SiO 4 :Mn phosphor particles were directly prepared by spray pyrolysis process at 800 C. The residence time of the particles within the tubular reactor was 0.6 s, when the flow rate of air used as a carrier gas was 45 l/min. The as-prepared particles were post-treated for 5 h for further crystallization and reduced at 775 C for 1 h under a reducing atmosphere for the activation of manganese dopant. The posttreatment temperature was varied from 1050 C to 1120 C. The photoluminescence characteristics of the synthesized particles were measured under vacuum ultraviolet (147 nm) excitation by a Kr lamp. The crystal structure and morphology of the particles were characterized with X-ray diffractometry (XRD, RIGAKU DMAX-33 X-ray) and scanning electron microscopy (SEM, PHILIPS XL 30S FEG), respectively.
Results and Discussion
The morphology and mean size of phosphor particles are important factors in the fabrication of displays and lamps. It is known that the use of spherical phosphor enhances the screen brightness and resolution of displays because of its lower scattering of evolved light, better slurry property, more uniform light intensity distribution, and higher packing densities than irregularly shaped phosphor. The spherical phosphor particles can also optimize the optical and geometrical structure of the phosphor layer. 13 ) Figure 1 shows the SEM images of Zn 2 SiO 4 :Mn phosphor particles prepared from aqueous solutions both with and without CA, in which the particles were as-prepared at 800
C by large-scale spray pyrolysis using metal alkoxide precursor. The addition of CA affected the morphology of the as-prepared powders. While the particles prepared from solution without CA showed a hollow and inwardly concaved spherical shape, those prepared from solution containing CA showed a dense and spherical morphology.
The annealing process at high temperature for further crystallization and activation of dopant clarified the influence of CA addition on the morphological characteristics of Zn 2 SiO 4 :Mn phosphors. In case of the powders prepared from solution without CA, the small-size particles had a spherical shape and maintained their sphericity but the largesize particles had a hollow structure after posttreatment at 1050 C as shown in Fig. 2(a) . However, at posttreatment temperature as high as 1120 C, irregular-shaped particles with rough surfaces and hard aggregations were obtained as shown in Fig. 3(a) . Ishizawa et al. proposed that densified particles could be produced by utilizing metal alkoxide precursor. 12) They concluded that during the pyrolysis process, a three-dimensional inorganic polymeric network was formed by the polymerization reactions of metal alkoxides, and this polymeric network prevented the formation of crust and allowed the evolution of gaseous products from the particles without rupture. However, in large-scale spray pyrolysis process, the inorganic polymeric network is not fully developed and the Zn 2 SiO 4 :Mn phosphor particles prepared from alkoxide precursor had a hollow morphology.
The main idea of this work is to add material that will assist in the formation of polymeric network in the droplet, which fills the internal part of the droplet and results in forming a spherical and dense particle, into the spray solution containing metal alkoxide. Citric acid having three carboxyl groups was selected as an assisting material because of its ability to form polymeric network via the esterification reaction with the hydroxyl group of hydrated inorganic polymer. The addition of CA into the spray solution enabled the formation of spherical, dense, and nonaggregated particles even in large-scale spray pyrolysis. The particles prepared from solution containing a proper amount of CA showed a completely spherical shape, nonaggregation characteristics, dense morphology, and clean surfaces without fragments as shown in Figs. 1(b), 2(b) , and 3(c). The CA in the droplet promoted the formation of a viscous gel via esterification reaction with hydrolyzed alkoxide precursor inside the hot reactor. The CA with three carboxyl groups, which could form polymeric network by esterification reaction with the hydroxyl group of the hydrolyzed alkoxide, acted as a promoter for the formation of viscous gel that consists of polymeric network. During the spray pyrolysis, the droplets changed to a viscous gel, which retarded the precipitation of salts and promoted the volume precipitation of the droplet even within a residence time in the hot reactor as short as 0.6 s. Another role of citric acid is to prevent the phase segregation characteristics of the silicon component. In case of the particles prepared from solution without CA, Zn 2 SiO 4 crystal phase was not formed due to the insufficient residence time and phase segregation occurred within the as-prepared particles. Then, because of the high ductility of the ZnO component, highly aggregated particles were obtained after the annealing process as shown in Fig. 3(a) . However, citric acid in the droplet forms zinc-citrate complex having a carboxyl group, which is connected to inorganic polymers via esterification reaction with hydrolyzed silicon inorganic polymers. The citric acid helps the uniform mixing of zinc and silicon components inside the as-prepared particles. Thus, the Zn 2 SiO 4 :Mn phosphor particles [ Fig. 3(c) ] prepared from alkoxide precursor solution containing citric acid had a spherical shape and nonaggregation characteristics even after posttreatment at high temperature.
The amount of CA addition affected the morphological characteristics of Zn 2 SiO 4 :Mn phosphor particles as shown in Fig. 3 . While the particles prepared from solution containing CA of less than 50% of TEOS content showed a completely spherical shape, dense morphology, clean surfaces, and nonaggregation characteristics, those prepared from solution containing CA of 100% of TEOS content exhibited high porosity, irregular shape and coarse structure. This is due to the degassing effect of the gaseous products that evolved during the decomposition of the excessive carbon compounds, which originated from CA, in the asprepared particles.
The XRD patterns of the particles prepared from solution containing different amounts of CA are shown and compared with that of the commercial product in Fig. 4 . The particles had a pure willemite crystal phase irrespective of the amount of CA addition. The crystallite sizes of the commercial product, the particles prepared from solutions containing 0% CA, 33% CA and 100% CA of TEOS content, which were calculated from Scharrer's equation using line broadening of the main XRD peak (2 ¼ 33:9), were 51, 53, 57 and 51 nm, respectively. All the particles had crystallite sizes larger than or similar to that of the commercial product. The addition of the proper amount of CA improved the morphological characteristics and enhanced the crystallite growth of the particles. It is assumed that the enhanced distribution of the components in the as-prepared particles by adding CA promoted the growth of Zn 2 SiO 4 crystal phase. The particles having excellent morphological advantages due to the addition of the appropriate amount of CA had a larger crystallite size than those prepared from solution without CA, while those of coalesced morphologies owing to the addition of excessive CA had a smaller crystallite size than those prepared from solution without CA. It is assumed that the excessive carbon compound included within the asprepared particles inhibited the crystal growth.
The effect of the amount of CA addition on the photoluminescent intensity of Zn 2 SiO 4 :Mn phosphor particles is illustrated in Fig. 5 , in which the phosphor particles were excited using VUV excitation light of 147 nm evolved from a Kr lamp. The addition of CA increased the PL intensity of the particles. The particles prepared using solution containing a proper amount of CA showed higher PL intensities than that of the commercial product. The optimum amount of CA addition was 33% of TEOS content, in which the photoluminescence intensity of the particles was 9% higher than that of the commercial product. This improvement in PL intensity was due to the excellent morphological advantages, high phase purity, and large crystallite size of the particles. However, the addition of excessive CA lowered the PL intensity of the particles. The particles prepared from solution containing 100% CA of TEOS content showed a lower PL intensity than that of the commercial product.
Conclusions
Large-scale spray pyrolysis process utilizing metal alkoxide as a precursor was applied to the preparation of greenlight-emitting Zn 2 SiO 4 :Mn phosphor particles. The morphological control over the particles was achieved by adding an organic additive, citric acid into spray solution. The CA promoted the formation of viscous gel composed of polymeric networks by esterification reaction with the hydrolyzed alkoxide precursor in the droplet and resulted in the formation of particles having a completely spherical shape, dense morphology and nonaggregation characteristics even under severe preparation conditions of large-scale spray pyrolysis process such as a short residence time. The addition of CA was effective in enhancing the morphological and luminous characteristics of Zn 2 SiO 4 :Mn phosphor particles. The amount of CA addition was an important factor determining the morphological and luminous characteristics of the Zn 2 SiO 4 :Mn phosphor particles.
